The complexity of these systems also demands that planning and control be distributed. Often, planning horizons ranging from years to minutes must be considered for the same system. Real-time management necessitates that planning be situated with the same agent that is responsible for implementing the plan. To this end, a new generation of intelligent controllers or agents is being developed.
We must also develop the essential algorithms which will permit these objects to interact in a coordinated fashion. Unfortunately, the existing algorithms for the decomposition of planning and the decentralization of control are simply inadequate for these complex systems.
Another critical element in this analysis is our ability to predict the response of a subsystem within the overall system while it operates under a planned control strategy.
We now know that current simulation tools are also deficient in this respect. Mize et al. (1992) raises concerns pertaining to the ability of current simulation to adequately predict the response of a flexible manufacturing system (FMS). Daviset al. (1993 Daviset al. ( , 1995a further demonstrates that an integrated approach to the modeling, scheduling and control of these systems was needed and set out to define a new object-oriented modeling approach to address these concerns.
In (n=l ,...,N) , which are to be employed in the execution of assigned tasks. To execute these tasks, passive resources enter the CO through its input port and eventually exit through the output port. These passive resources are assumed to be under the control of the CO from the moment they enter the input port until they exit through the output port.
In general, the CO does not perform the tasks itself, but decomposes ordisaggregates its assigned tasks into subtasks which are implemented at the subordinate systems. When the CO allocates a given passive resource to one of its subordinate systems Pn, the control of that resource is also relegated to that system. The CO must also insure that the essential resources are provided to the subordinate as dictated by the processing plan.
We also assume that each CO has the essential Interfacing Subsystems to move the resources from one subordinate subsystem to another. These Interfacing Subsystems represent the transport resources and must also be under the control of the CO. The reader has probably begun to appreciate the complexity of the large-scale system and the obvious difficulty that arises when one attempts to model its operation.
Developing the ROOCH for the entire enterprise is outside the scope of this paper, but it has been addressed and is reported in Davis (1995) and Davis et al. (1995 b On the other hand, this CO's model need not be proprietary. In fact, HLM assumes that each CO's model is public and can be exercised by other COS in the coordination hierarchy.
Each CO would also be responsible for providing the essential state information needed to exercise (simulate) its model. When a CO employs another CO's model to perform "What If?" analysis, it has no immediate effect upon the simulated CO because the simulated CO can only change its state by executing a task as specified by its supervisor.
In our modeling of the enterprise, we have already discovered several situations where virtual planning hierarchies appear essential. For example, if an accurate model has been developed for the behavior of a given process, the process planner may immediately simulate the process's behavior when it executes a proposed set of processing instructions. If a shop scheduler desires to determine to which cell a rush job should be assigned in order minimize the disruption to the scheduled work flow, the shop CO can execute simulation models for each of the candidate cells to determine the modified work flow patterns which would ensue from the rush being placed in each cell. The interaction among the objects need not be limited to the COS contained within the enterprise. For example, a given customer may be granted permission to access the system and be able to monitor progress in the completion of the order.
By permitting the inclusion of any other object into the planning hierarchy of another object, it is clear that HLM does provide an essential capability for virtual manufacturing. There are also efforts underway to support the definition of virtual enterprises where several corporations interact to design and manufacture a given product. HLM also provides a framework for this virtual enterprise. A discussion of this capability is outside the scope of this paper, however.
The Need to Functionally Decompose the Overall Control Function
Precognition of the need for functionally decomposing the overall control function was again derived from our consideration of a real-world manufacturing systems. When we began to investigate the coordinated operation of two or more manufacturing cells, we discovered that on more than one occasion it was essential for a given CO to receive tasks from more than one supervisor.
For example, a given automated guided vehicle (AGV) system may serve two cells. In such an instance, it was desirable that both cell controllers be able to make transport requests directly to the AGV controller. However, the inclusion of this capability immediately violated the pure hierarchical structure which does not permit any subsystem to have more than one supervisor, We then realized that two distinct modes of control were being addressed. The first mode of control was the executive mode which defined which objects could assign tasks to other objects for execution. Based upon real-world examples, it was apparent that the desired executive control structure may not be hierarchical in many cases.
The second control mode was that of coordination which established the priorities that each CO would employ in the execution of its assigned tasks. Based upon the definition of the ROOCH for the enterprise, it is apparent that the structure for coordination is hierarchical. We also observed that both control structures can exist without interfering with each other. Assuming that the two cells which share an AGV system are coordinated by a shoplevel controller, then the cell controllers are subordinate to the this shop-level controller.
For coordination purposes, the AGV controller is also subordinate to this shop-level controller. However, for executive control purposes, the AGV controller is subordinate to both cell controllers.
Under this proposed organization, both cell controllers can make transportation requests to the AGV controller. However, only the shop-level controller can establish the priorities that the AGV controller will apply in the scheduling of its assigned transport requests. We also discovered a third mode of control which we term "regulation." Under this mode of control, it is assumed that each object's behavior will not be influenced by the regulator as long as the object operates within a prespecified set of constraints. However, when these constraints are violated, the regulator immediately assumes control of the object. For example, a given unit process may operate only a limited number of hours before maintenance. Until this specified limit is reached, the regulator has no influence upon the object's operation.
However, when the limit is reached, the regulator prevents the object from processing any further tasks.
Our definition of the regulation control mode also solved another control concern that we experienced in the manufacturing sector when we considered quality control. In the execution of many manufacturing tasks, it is often impossible to make an immediate determination about whether or not the processing steps are being correctly implemented.
There is also an inherent delay in obtaining feedback information regarding quality resulting from the completed task until subsequent processing tasks are completed. For example, inspections may not occur after each processing step. The executive and coordination control Flanders and Davis (1995) documents the concerns which arise when we ignore these auxiliary flows.
In fact, in our modeling of FMSS, we have consistently demonstrated that the auxiliary flows are the primary limiting factor upon the systems' operations. Davis et al. (1993 Davis et al. ( , 1995a ) discusses these concerns in detail.
We also need a suite of simulation tools. It is impos- 
